We present results from the KamLAND-Zen double-beta decay experiment based on an exposure of 77.6 days with 129 kg of 136 Xe. The measured two-neutrino double-beta decay half-life of 136 Xe is T 2ν 1/2 = 2.38 ± 0.02(stat) ± 0.14(syst) × 10 21 yr, consistent with a recent measurement by EXO-200. We also obtain a lower limit for the neutrinoless double-beta decay half-life, T 0ν 1/2 > 5.7 × 10 24 yr at 90% confidence level (C.L.), which corresponds to almost a five-fold improvement over previous limits.
I. INTRODUCTION
Majorana neutrinos are a natural feature of many highenergy physics theoretical models. However, the only viable experimental probe of this property at present is neutrinoless double-beta (0νββ) decay [1] . Observation of this leptonnumber violating nuclear process would definitively establish the Majorana nature of the neutrino, and would be a profound discovery [2] . In addition, since the rate of this process increases with the square of the effective neutrino mass m ββ ≡ Σ i U 2 ei m νi , its measurement would provide information on the absolute neutrino mass scale. Searches for 0νββ decay have been invigorated by recent measurements of neutrino mass splittings by oscillation experiments, which require at least one neutrino mass above ∼50 meV [3] . This scale is within the reach of present-day efforts.
Determining m ββ from a 0νββ decay half-life requires knowledge of the decay's phase-space factor (G 0ν ) and nuclear matrix element (M 0ν ). G 0ν can be calculated exactly, but to date all estimations of M 0ν must rely on model-based approximations with difficult-to-quantify uncertainties. The two-neutrino double-beta (2νββ) decay half-life, if known, can be used to constrain some relevant model parameters, reducing some sources of uncertainty [4, 5] . The first direct measurement of the 2νββ decay half-life of 136 Xe, recently reported by EXO-200 [6] , was significantly below previously published lower limits [7, 8] . This article on the first results from the KamLAND-Zen (KamLAND Zero-Neutrino Double-Beta Decay) experiment reports a new measurement of the 136 Xe 2νββ decay half-life, as well as improved limits on the 0νββ mode. The data presented were collected between October 12, 2011, and January 2, 2012.
II. DETECTOR AND CALIBRATION
KamLAND-Zen ( Fig. 1 ) is a modification of the existing KamLAND detector carried out in the summer of 2011. The ββ source/detector is 13 tons of Xe-loaded liquid scintillator (Xe-LS) contained in a 3.08-m-diameter spherical inner balloon (IB). The IB is constructed from 25-µm-thick transparent nylon film and is suspended at the center of the KamLAND detector [9] by 12 film straps of the same material. The IB is surrounded by 1 kton of liquid scintillator (LS) contained in a 13-m-diameter spherical outer balloon (OB) made of 135-µm-thick nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The outer LS is 0.10% less dense than the Xe-LS and acts as an active shield for external γ's and as a detector for internal radiation from the Xe-LS or IB. The Xe-LS consists of 82% decane and 18% pseudocumene (1,2,4-trimethylbenzene) by volume, 2.7 g/liter of the fluor PPO (2,5-diphenyloxazole), and (2.52 ± 0.07) % by weight of enriched xenon gas, as measured by gas chromatography. The isotopic abundances in the enriched xenon were measured by residual gas analyzer to be (90. containment tank (SST) shields the LS from external radiation. Scintillation light is recorded by 1,325 17-inch and 554 20-inch photomultiplier tubes (PMTs) mounted on the SST, providing 34% solid-angle coverage. The SST is surrounded by a 3.2 kton water-Cherenkov outer detector (OD). Details of the KamLAND detector are given in Ref. [9] . The data acquisition system (DAQ) is triggered when 70 or more 17-inch PMTs are hit (primary trigger), which corresponds to a threshold of ∼0.4 MeV. The signals on all hit PMTs are digitized for ∼200 ns for offline analysis. After each primary trigger the threshold is lowered to ∼0.25 MeV for 1 ms to study sequential decays. The scintillation light from the two coincident e − produced by 136 Xe ββ decay cannot be separated, so only their summed energy is observed. For hypothetical 0νββ decays, the sum is always 2.458 MeV (Q value of the 136 Xe ββ decay) [10] , while for the 2νββ decays the sum has a continuous spectrum up to the Q value. Event energy (visible energy) is estimated from the number of observed photoelectrons (p.e.) after correcting for PMT gain variation and solid angle, shadowing, and transparency of detector materials. The corrections depend on the event vertex. The vertex reconstruction is based on the maximum likelihood fit to the pulse shape of each PMT hit timing after correcting for photon time of flight. The pulse shape is almost determined by scintillation decay time and dark hit contribution, and it differs between 17-inch and 20-inch PMTs due to different transit-time spreads. The vertex resolution is estimated from radial distributions of radioactive contaminants (see Fig. 3 ) to be σ ∼15 cm/ E(MeV). The energy response is calibrated with γ's from a 208 Tl (ThO 2 W) source, 214 Bi (β + γ's) from 222 Rn (τ = 5.5 day) introduced during detector modification, and 2.225 MeV γ's from spallation neutrons captured on protons.
Figure 2(a) shows the energy spectrum obtained when the ThO 2 W source, contained in a ∼5-mm-thick lead capsule, was deployed close to the outer surface of the IB. The most intense peak is due to the primary γ of 208 Tl (2.614 MeV). The less intense peak near ∼3.1 MeV is from multiple-γ cascades of 208 Tl. According to Monte Carlo (MC) studies, the degradation of the primary γ inside the source is negligible, and the distribution around the primary peak can be described by a Gaussian distribution and a third-order polynomial. The mean and width of the Gaussian distribution are relatively insensitive to the polynomial parameters. The resultant energy resolution at 2.614 MeV is σ = (6.6 ± 0.3)%/ E(MeV). The parameters of a detector energy nonlinear response model describing effects from scintillator quenching and Cherenkov light production are constrained to reproduce the 2.614 MeV 208 Tl peak position and the spectral shape of 214 Bi events [ Fig. 2(b) ]. From the neutron-capture γ data, systematic variation of the energy reconstruction over the Xe-LS volume is less than 1.0%, and the detector energy response is stable to within 1.0% during the data set.
III. CANDIDATE EVENT SELECTION
Candidate ββ decay events are selected by performing the following series of cuts: (i) The reconstructed vertex must be within 1.2 m of the detector center, defining the fiducial volume (FV). (ii) Muon (events with more than 10,000 p.e. or more than 5 OD hits) and events occurring within 2 ms after muons are eliminated. (iii) A coincidence cut eliminates sequential events that occur within 3 ms of each other; this removes (99.97 ± 0.01)% of 214 Bi-214 Po (β + γ, then α decay, τ =237 µs) decays. This cut is augmented with a secondary cut, aimed at identifying sequential 212 Bi-212 Po (τ =0.4 µs), which exploits detailed PMT wave-form data to identify coincidences within a single ∼200-ns-long DAQ event window. The 212 Bi-212 Po rejection efficiency is (89 ± 2)%. The visible energy of α decay is quenched due to the high ionization density, so the cuts are applied only if the delayed α's are between 0.35 and 1.5 MeV. The dead time introduced by the coincidence cuts is less than ∼0.1%. (iv) A background mainly from reactor ν e 's producing a delayed coincidence of positrons and neutron-capture γ's (2.225 MeV) is rejected by requiring event time separations greater than 1 ms, and the delayed energy is larger than 1.5 MeV. (v) Finally, candidates must pass a vertex-time-charge (VTQ) test designed to filter out noise events. The test compares the observed PMT charge and hit-time distributions to those expected based on the reconstructed vertex [11] . The VTQ cut is tuned using KamLAND calibration data and reduces the selection efficiency by less than 0.1%. The total livetime after all cuts is 77.6 days. The energy spectrum of ββ decay candidates is shown in Fig. 4 .
IV. BACKGROUND ESTIMATION
Backgrounds to the ββ decay study fall into three categories: those external to the Xe-LS, mainly from the IB material; those from residual radioactive impurities in the Xe-LS; and spallation backgrounds (Table I) . From a spectral analysis of events whose reconstruction is close to the IB boundary, we find that the activity in the energy region 1.2 MeV < E < 2.0 MeV (2νββ window) is dominated by 134 Cs (β + γ); in the region 2.2 MeV < E < 3.0 MeV (0νββ window), the spectrum is consistent with 214 Bi (β+γ) decays. The observed surface activity ratio of 134 Cs to 137 Cs (0.662 MeV γ) is ∼0.8 which is consistent with contamination by fallout from the Fukushima-I reactor accident in March 2011. The IB production facility is located just 100 km away from the Fukushima-I reactor. The FV cut is performed to mitigate the background from the IB material; the remaining IB background inside the FV is estimated by fitting Monte-Carlogenerated event radial distributions to the data. Figure 3 shows the event density as a function of the cubed radius from the IB center for the two energy ranges, along with fits to the MC distributions. In the 2νββ window we fit for a 2νββ source uniformly distributed in the Xe-LS and a 134 Cs source uniformly distributed on the IB. In the 0νββ window we show the best fits for a 214 Bi source uniformly distributed on the IB and either a 0νββ-like source or a 2.6 MeV γ source uniformly distributed in the Xe-LS. The radial distribution offers no discrimination between these event types.
Assuming secular equilibrium, the residual 238 U and 232 Th concentrations internal to the Xe-LS are estimated to be (3.5 ± 0.6) × 10 −16 g/g and (2.2 ± 0.3) × 10 −15 g/g, respectively, based on sequential decays of 214 Bi-214 Po and 212 Bi-212 Po. Since equilibrium may be broken by introduction of contaminants during detector modification, the Bi-Po studies are only used to estimate internal background from the 137 Xe (β − , τ = 5.5 min, Q = 4.17 MeV) from neutron capture on 136 Xe is a potential 0νββ background, but the expected production rate is negligible, ∼2.9 × 10 −3 (ton day) −1 , where ton is a unit of Xe-LS mass. Production rates of light nuclei by spallation of carbon are calculated from spallation yields previously measured in KamLAND [9] . We observe a (13 ± 6)% increase in the spallation neutron flux in the Xe-LS relative to the outer LS, from which we assess a 19% systematic uncertainty on the calculated spallation yields. Events from decays of 11 C (β + , τ = 29.4 min, Q = 1.98 MeV) and 10 C (β + , τ = 27.8 s, Q = 3.65 MeV) dominate the contributions from spallation backgrounds. We expect rates of 1.11±0.28 (ton day) −1 and (2.11±0.44)×10 −2 (ton day) −1 from 11 C and 10 C, respectively. The 11 C/ 10 C background can be reduced by a triple-coincidence tag of a muon, a neutron, and the 11 C/ 10 C decay. This is not pursued in the current analysis. We found no past experimental data for muon spallation of xenon. With the present data, we find the event rates in the energy ranges 1.2 MeV < E < 2.0 MeV and 2.2 MeV < E < 3.0 MeV from isotopes with lifetimes of less than 100 s associated with muons depositing more than ∼3 GeV in the detector (so-called showering muons) are less than 0.3 (ton day) −1 and 0.02 (ton day) −1 at 90% C.L., respectively.
Care has to be taken for backgrounds that produce a peak close to the 0νββ decay energy (2.458 MeV), particularly ones which may have been introduced during detector modification or may be induced by muon spallation. We searched all isotopes in the ENSDF database [13] for sources with a peak structure between 2.4 and 2.8 visible-MeV. For all tabulated decay chains we calculate the visible energy spectrum, accounting for the time structure of the chain and pileup in the DAQ event window, and apply the nonlinear detector energy response model to all individual decay secondaries of each branch. Co are not detected near Fukushima or in our soil samples, we consider them to be possible backgrounds. Except for 208 Bi, these long-lived background candidates can be also produced from xenon spallation by cosmic-rays when materials were aboveground, but the rate estimations are difficult. Broadening the search to include shorter-lived nuclei (100 s < τ < 30 day) possibly supported by muon spallation in the detector, we found that the production of candidate parents with mass numbers below 136 Xe is stringently constrained by comparing production cross sections in Ref. [14] .
V. SYSTEMATIC UNCERTAINTY
Nominally, the 1.2-m-radius FV corresponds to 0.438 ± 0.005 of the total Xe-LS volume (16.51 ± 0.17 m 3 ), or 129 kg of 136 Xe. The fiducial volume fraction may also be estimated from the fraction of 214 Bi events whose reconstruction is within 1.2 m of the IB center compared to the total number in the entire Xe-LS volume after subtraction of the IB surface contribution. The result is 0.423 ± 0.007(stat) ± 0.004(syst) [Fig. 3(c) ], including the uncertainty on the IB surface contribution. The slight event loss around the center may indicate an outward radial vertex bias, so the difference in these estimates is taken as a measure of the systematic error on the vertexdefined FV. Combining the errors, we obtain a 5.2% systematic error on the fiducial volume. The total systematic uncertainty on the ββ decay half-life measurement is 5.9%, coming from the quadrature sum of the fiducial volume (5.2%), enrichment of 136 Xe (0.05%), Xe concentration (2.8%), detector energy scale (0.3%), Xe-LS edge effect (0.06%), and detection efficiency (0.2%). 
VI. RESULT
The 136 Xe 2νββ and 0νββ decay rates are estimated from a likelihood fit to the binned energy spectrum of the selected candidates between 0.5 and 4. Around the 0νββ energy, a strong peak appears, but the peak is centered significantly above the Q value of the decay [ Fig. 4(c) ]; the hypothesis that the peak can be described by 0νββ decay alone is rejected by a χ 2 test at more than 5σ C.L., including the systematic uncertainties on the energy scale model. The best-fit combined background rate around the 0νββ energy allowing for contributions from Ag m , respectively, contribute as background to the 0νββ peak. We conclude that the data in the 0νββ region is contaminated by the candidate backgrounds (but mainly due to 208 Bi or 110 Ag m ), and the 0νββ limit is extracted by floating those contributions [ Fig. 4(b) ]. The 90% C.L upper limit on the number of 136 Xe 0νββ decays is < 15 events, an event rate of < 0.034 (ton day) −1 . The measured 2νββ decay half-life of 136 Xe is T 2ν 1/2 = 2.38 ± 0.02(stat) ± 0.14(syst) × 10 21 yr. This is consis-tent with the result obtained by EXO-200, T 2ν 1/2 = 2.11 ± 0.04(stat) ± 0.21(syst) × 10 21 yr [6] . For 0νββ decay, the data give a lower limit of T 0ν 1/2 > 5.7 × 10 24 yr (90% C.L.), which corresponds to almost a fivefold improvement over previous limits [7] . From the limit on the 136 Xe 0νββ decay half-life we obtain a 90% C.L. upper limit of m ββ < (0.3 − 0.6) eV using recent QRPA (CCM SRC) [16] and shell model [17] nuclear matrix elements calculated prior to the EXO-200 measurement.
VII. CONCLUSION
In summary, KamLAND-Zen provides an improved measurement of the 136 Xe 2νββ decay half-life. The result is consistent with that of EXO-200 and supports the conclusion that the directly measured half-life is significantly less than the lower limits reported by earlier experiments. Our analysis includes a search for 0νββ decay of 136 Xe and yields an improved lower limit on its half-life. Removal of contaminants in the Xe-LS is an important task to improve the 0νββ decay search sensitivity. In the future, systematic uncertainties will also be reduced by performing source calibrations in the Xe-LS.
